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ABSTRACT

We describe the Fortran code CPsuperH2.0, which contains several improvements and
extensions of its predecessor CPsuperH. It implements improved calculations of the Higgs-
boson pole masses, notably a full treatment of the 4 x 4 neutral Higgs propagator ma-
trix including the Goldstone boson and a more complete treatment of threshold effects in
self-energies and Yukawa couplings, improved treatments of two-body Higgs decays, some
important three-body decays, and two-loop Higgs-mediated contributions to electric dipole
moments. CPsuperH2.0 also implements an integrated treatment of several B-meson ob-
servables, including the branching ratios of B, — utu~, By — 7t7~, B, — v, B — X,y
and the latter’s CP-violating asymmetry Acp, and the supersymmetric contributions to
the Bgd — Bg’d mass differences. These additions make CPsuperH2.0 an attractive inte-
grated tool for analyzing supersymmetric CP and flavour physics as well as searches for
new physics at high-energy colliders such as the Tevatron, LHC and linear colliders. H

*The program may be obtained from http://www.hep.man.ac.uk/u/jslee/CPsuperH.html,
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1 Introduction

With the imminent advent of the LHC, particle physics experiments are poised to explore
the TeV energy range directly for the first time. There are several reasons to expect
new physics in this energy range, such as the origin of particle masses and electroweak
symmetry breaking, the hierarchy problem and the nature of dark matter. In parallel with
the direct exploration of the TeV scale, precision experiments at low energies continue to
place important constraints on the possible flavour and CP-violating structure of any TeV-
scale physics. Prominent examples include experiments on B and K mesons, and probes of
electric dipole moments [1]. It is clearly desirable to develop computational tools that can
be used to calculate consistently observables for both low- and high-energy experiments in
a coherent numerical framework. This is particularly desirable in view of the possibility
that the dominance of matter over antimatter in the Universe may be due to CP-violating
interactions at the TeV scale [2].

Supersymmetry is one of the most prominent possibilities for new TeV-scale physics,
and the minimal supersymmetric extension of the Standard Model (MSSM) provides a
natural cold dark matter candidate as well as stabilizing the electroweak scale and facili-
tating the unification of the fundamental interactions. There are many computational tools
available for calculations within the MSSM. The first to include CP-violating phases was
CPsuperH [3], which has been followed by recent versions of FeynHiggs [4].

Some of us have recently published an analysis of several B-physics observables taking
into account the most general set of CP-violating parameters allowed under the assumption
of minimal flavour violation in the supersymmetric sector [5]. For this purpose we used an
updated and extended computational tool, CPsuperH2.0, which we introduce and describe
in this paper.

The main new features of CPsuperH2.0 are its inclusion of a number of B observables,
including the branching ratios of By — putu~, By — 77—, B, — v, B — X,y and
the latter’s CP-violating asymmetry Acp, and the supersymmetric contributions to the
B ;— BY ; mass differences. In addition, CPsuperH2.0 includes a more complete treatment
of Higgs-boson pole masses, based on a full treatment of the 4 x 4 neutral Higgs propagator
matrix including the Goldstone boson and a more complete treatment of threshold effects in
self-energies and Yukawa couplings. It also includes improved treatments of two-body Higgs
decays, some important three-body decays, and two-loop Higgs-mediated contributions to
electric dipole moments. Therefore, CPsuperH2.0 provides an essentially complete, self-
contained and consistent computational tool for evaluating flavour and CP-violating physics
at energies up to the TeV scale.

The structure of this paper is as follows. Several updated features of CPsuperH2.0 are
described in Section 2. In particular, in Subsection 2.1 we introduce the improved treatment
of Higgs-boson pole masses, and Section 2.2 contains a description of the improvements in



the treatment of Higgs decay modes. Then, in Section 3 we describe the CPsuperH2.0
treatment of two-loop Higgs effects on electric dipole moments. The most important new
features are described in Section 4, where we discuss its treatment of B observables. In
each Section, we illustrate in figures some typical results obtained using CPsuperH2. 0.

2 Updated Features of CPsuperH2.0

It is to be understood that, throughout this paper, we follow the notations and conventions
defined and adopted in CPsuperH for the mixing matrices of neutral Higgs bosons, charginos,
neutralinos and third—generation sfermions, as well as their masses and couplings, etc. The
updates to the original version of CPsuperH [3]| that are presented here reflect, in part,
feedback from users, as well as extending it to B observables.

New common blocks /HC_RAUX/ and /HC_CAUX/ have been introduced for the general
purpose of storing new numerical outputs which are available in CPsuperH2.0:

e COMMON /HC_RAUX/ RAUX_H

e COMMON /HC_CAUX/ CAUX_H

The two arrays RAUX_H and CAUX_H are NAUX=999 dimensional and only parts of them are
being used presently as shown in Tables [[l and 2l The contents of these two new arrays
are explained in the corresponding following subsections. These common blocks can also
be used by users for their specific purposes.

2.1 Improved Treatment of Higgs-Boson Masses and Propaga-
tors

In CPsuperH2.0 we make three main improvements in the calculation of the Higgs-boson
pole masses.

e The finite threshold corrections induced by the exchanges of gluinos and charginos
have been included in the top- and bottom-quark self-energies of the neutral and
charged Higgs bosons. For the explicit expressions of the self-energies, we refer to
Egs. (B.14), (B.15), and (B.16) of Ref. [6}@3

e Also included are the threshold corrections to the Yukawa couplings |h; ;| in the one-
loop running quartic couplings, )\Z(l)(Q = mP”®) with i = 1 — 4. For the explicit
expressions of A", we refer to Eqs. (3.3)-(3.6) of Ref. [7].

"We find that overall minus signs are missing in the expressions of Hfif;% (s).
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Figure 1: The masses of the neutral Higgs bosons as functions of tan (3 for the CPX scenario
[8] taking ®3 = @y, , = 90° in the convention ®, = 0, Msysy = 0.5 TeV, and the charged
Higgs-boson pole mass My+ = 160 GeV. In each frame, the dashed line is for the case
IFLAG_H(12)= 1 and the solid line for other case indicated.

e An improved iterative method has been employed for the calculation of the pole
masses.

As a help in assessing the improvements in the calculation of Higgs sector, new flags
IFLAG_H(12) and IFLAG_H(60) have been introduced as follows:

e IFLAG H(12):

— IFLAG_H(12)= 1: Gives the same result as that obtained by the older version of
CPsuperH.

— IFLAG_H(12)=2: Includes only the threshold corrections to the neutral and
charged Higgs-boson quark self-energies.
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Figure 2: The masses of the neutral Higgs bosons as functions of the common phase ® 4
for the trimixzing scenario [9] taking ®3 = —90°. Specifically, in this scenario, tan f = 50
and M+ = 155 GeV. The lines are the same as in Fig. [

— IFLAG_H(12)= 3: Includes only the threshold corrections to )\Z(-l).
— IFLAG_H(12)= 4: Includes only the iterative method for the pole masses.
— IFLAG_H(12)= 5 or 0: All the improvements are fully included.

e IFLAG_H(60)= 1: This is an error message that appears when the iterative method
for the pole masses fails.

The improvement in the threshold corrections to the top- and bottom-quark Yukawa cou-
plings is important when tan 3 is large and the charged Higgs boson is light. In Figs. [
and 2] we show the pole masses of the neutral Higgs bosons for the CPX [8] and trimix-



ing [9] scenarios, respectively, when IFLAG_H(12) = 2-5 as indicated. In each frame, the old
calculation with TIFLAG_H(12)= 1 (dashed line) is also shown for comparison.

Finally, RAUX_H(1-6), RAUX_H(10-36), and CAUX_H(1-2) are allocated for numerical
information on the Higgs-sector calculation based on a renormalization-group-improved

diagrammatic approach including dominant higher-order logarithmic and threshold correc-
tions [6,7], see Tables [l and
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Figure 3: The absolute value of each component of the neutral Higgs-boson propagator
matriz D (3) with (red solid lines) and without (black dashed lines) including off-diagonal
absorptive parts in the trimixing scenario with ® 4 = —P3 = 90° and IFLAG_H(12)= 5. We
note that |Df40(§)| = 1. The three Higgs-boson pole masses are indicated by thin vertical
lines.

In situations where two or more MSSM Higgs bosons contribute simultaneously to a
process, the transitions between the Higgs-boson mass eigenstates need to be considered
before their decays. For this reason, we include the complete 4 x 4-dimensional propagator
matrix D’ (%) spanned by the basis (Hy, Hy, Hs, G°) [10], including off-diagonal absorptive
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parts [9]. The dimensionless neutral Higgs-boson propagator matrix is given by

D*(5) =
s — MI2{1 —I—Azgmﬁll(é) ngﬁlg(g)/\ ngljllg(g) ngljlm(g)

where My, , , are the one-loop Higgs-boson pole masses, and higher-order absorptive effects
on My, ,, have been ignored [6]. The label ‘4’ refers to the would-be Goldstone boson of the
Z boson. The absorptive part of the Higgs-boson propagator matrix receives contributions
from loops of fermions, vector bosons, associated pairs of Higgs and vector bosons, Higgs-
boson pairs, and sfermions:

Sml;(3) = Smilf/ (8) + SmIIYY (5) + SmAY (3) + SmllZ (5) + Smllf/ (3),  (2)

respectively. We refer to Ref. [9] for their explicit expressions. For the Goldstone-Higgs
mixings, Smll;, i and Smlly, we take the leading contributions ignoring all gauge-coupling
mediated parts. We also include the 2 x 2-dimensional propagator matrix for the charged
Higgs bosons DHi(é) spanned by the basis (H*,G%F), including off-diagonal absorptive
parts:

pH* (5) = 5 < §— Mz —l—Ai%mﬁHiHi () i%mﬁHAigi (8) >_1 ' (3)

iISmllg: g+ (8) § +iSmllga=(8)

The relevant Goldstone-boson couplings are given in Appendix [Bl For the 16 elements of
the neutral Higgs-boson propagator matrix DH’ ($) and for the 4 elements of the charged
Higgs-boson propagator matrix D i(é’), the slots CAUX_H(100-119) are used as shown in
Table 2 In Fig. B as an example, we show the absolute value of all components of the
Higgs-boson propagator matrix D" (§) as functions of v/3 for the trimixing scenario with
by =—P3 =90°.

It is important to remark that the 4 x4 propagator matrix () is sufficient to encode all
H;—Z- and G°—Z mixing effects within the Pinch Technique (PT) framework [10,11], which
has been adopted here to remove consistently gauge-dependent and high-energy unitarity-
violating terms from Smﬁ,](é) 9]. For example, the self-energy transition H; — Z,,
I 0= P4y, is related to Tlgo g, through

§Typ,(8) = —i M2 oy, (3), (4)

with § = p?. We recall that the self-energy transitions H; — v and G — + are completely
absent within the PT framework. More details may be found in [10].

Note that the elements of the propagator matrix depend on the center-of-mass energy,
denoted by v/3, which is stored in RAUX_H(101), see Table [l Along with D#"-H*(3), the
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§-dependent couplings of the neutral Higgs bosons to two gluons, S?(v/3) and P?(V/3),
and two photons, S7(v/3) and P)(1/5), are needed when we consider the production of
the neutral Higgs bosons at the LHC [9] and a ~~ collider [12]. They are calculated and
stored in CAUX_H(130-135) and CAUX_H(140-145) as shown in Table Two additional
flags are used to control the inclusion of the off-diagonal absorptive parts and print out the
the $-dependent propagator matrix and the $-dependent Higgs couplings to two photons
and gluons:

e IFLAG_H(13)= 1: Does not include the off-diagonal absorptive parts in the propagator

matrices DH"H(3).

e IFLAG_H(14)= 1: Prints out each component of the Higgs-boson propagator matrices
DH":H*(5) and the $-dependent couplings S7(v/3) and P 9(v/3).

2.2 Improved Treatment of Higgs-Boson Couplings and Decays

The main updates include:

e The electroweak corrections to the neutral Higgs couplings to pairs of tau leptons
and b-quarks [13]. The corrections to the Yukawa couplings and the couplings of H;
to the scalar and pseudoscalar fermion bilinears are calculated as in Eqs.(A.1)-(A.2)
of Ref. [3]. For details, we refer to Ref. [9].

e The three-body decay H* — t*b — W*bb. The decay width is given by
[(HY — WThb) =

2 2 1—k 1— W
9~ gy Mu= / w / T-a; F(xy,29)
Ne——"—— d d 5
¢ 51271'3 0 o l—kw—z1 2 (1 — T2 — Rt + fib)2 + Ht7t7 ( )

where k, = m2/M3., v = T7/M3. and x; = 2E;/My+ with E; and E, being the
energies of the b and b quarks, respectively. In the charged Higgs-boson rest frame,

the function F'(zq,x2) is given by

1-— 1—2z
F(ry,xp) = {|9L|2l"ft<( xlﬁ)( 2) + 221 + 279 — 3+2/€w> - 2/%/@]
w

2 [x% + 2123 — 333 — 21129 + 39 + 11 — 1

+|g9r
Kw

+(LL’§ + 25(3121)2 — 42152 — 25(31 +3— 2liw)
_2LL’% — T1T9 + 52152 +x1 — 3) _ 21%51

kw

+I€b<—2l’1—|—3+2ﬁw+

Ty — 1)2
+2/kpkit Re(grgr) l(i'ii) + (=22 +1—2kw) + 2&5] }, (6)
w
where g1, = g%+5 — 19515, and gr = g%q + 19515
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e The contributions from tau-lepton and charm-quark loops to the couplings S; (My,)
and P (Mpy,).

e A new flag IFLAG_H(57)= 1: This is an error message that appears when one of the
magnitudes of the complex input parameters is negative.

The CPsuperH homepage has been continuously brought up to date after its first appearance
to include the updates discussed in this subsection and others not mentioned here. We refer
to the file OLIST_V1 for a full list of updates to the original version which can be found in
the CPsuperH homepage.

3 Higgs-Mediated Two-Loop Electric Dipole Moments

The CP phases in the MSSM are significantly constrained by measurements of Electric
Dipole Moments (EDMs). In particular, the EDM of the Thallium atom may provide
currently the most stringent constraint on MSSM scenarios with explicit CP violation.
The atomic EDM of 2%°T1 gets its main contributions from two terms [14,15]:

dpfeem] = —=585-d,[ecm] — 8.5 x 107 [ecm] - (CgTeV?) + -+,
= (dp)®[ecm] + (dp)% [eem] + -+, (7)

where d, denotes the electron EDM and Cy is the coefficient of the CP-odd electron-
nucleon interaction Loy = Cgéivse NN. The dots denote sub-dominant contributions
from 6-dimensional tensor and higher-dimensional operators.

The contributions of the first- and second-generation phases, ® 4, , and ®4, , to EDMs
can be drastically reduced either by assuming that these phases sufficiently small, or if the
first- and second-generation squarks and sleptons are sufficiently heavy. However, even
when the contributions of the first and second generation phases to EDMs are suppressed,
there are still sizeable contributions to EDMs from Higgs-mediated two-loop diagrams [16].

The Higgs-mediated two-loop Thallium (df)), electron (df), and muon (d}) EDMs
are calculated and stored in RAUX_H(111-120) as shown in Table [l The Thallium and
electron EDMs consist of:

ath = (@) )
dil = (@) + (@ + (@l + @+ @ (8)
The explicit expressions for the EDMs in the CPsuperH conventions and notations may be

found in Ref. [17]. A flag IFLAG_H(15)= 1 is used to print out the results of the EDM
calculations:
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Figure 4: The Thallium EDM dp = d¥ x 10%* [eem)] in the CPX scenario with &, =
®3 = 90° and Msysy = 0.5 TeV taking IFLAG H(12)= 5 [18]. The different shaded regions
correspond to different ranges of |(le| as shown. Specially, in the narrow region denoted by
black squares, one has |aAlT1| < 1, consistent with the current Thallium EDM constraint.

e IFLAG_H(15)= 1: Print out EDMs.

In Fig. @ we show the rescaled Thallium EDM dp = df x 10%* in units of ecm
in the tan 8-Mpy, plane, in the CPX scenario with IFLAG_H(12)= 5. We observe, when
tanf < 5 and My, < 10 GeV, one may have |CZT1| < 1 in the narrow region denoted
by black squares which is consistent with the current 2-o upper bound on the Thallium
EDM [19]: |dp| < 1.3 x 107* [ecm]. We note that the region 8 GeV < My, < 10
GeV with tan 4 < 10 has not been excluded by the combined constraints from the LEP

searches [20] and the Y(15) — vH; decay [21].

In the future, this treatment of the most important two-loop contributions to the
Thallium EDM will be supplemented by a more complete implementation of calculations
of the well-known one-oop contributions to this and other EDMs.
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4 B-Meson Observables

An important innovation in CPsuperH2.0 is the inclusion of the following important Higgs-
mediated B-meson observables:

e The branching ratio of By meson into a pair of muons: B(B; — uu),

e The branching ratio of B, meson into a pair of tau leptons: B(By — 77),

The SUSY contribution to the Bj-BJ mass difference: AMEUSY,

The SUSY contribution to the B?-B? mass difference: AMZSY,

The ratio of the branching ratio B(B, — 7v) to the SM value:

B(B;, — 1v)

R TV —
b BSM(B- — Tv)

Y

e The branching ratio B(B — Xv) and the direct CP asymmetry Acp(B — X,7).

We adopt the most recent gauge-invariant and flavour-covariant formalism to calculate
the flavour-changing effective Lagrangian for the interactions of the neutral and charged
Higgs fields to the up- and down-type quarks including a new class of dominant subleading
contributions [5]. In the current version, the single-Higgs insertion approximation is used.

For the calculations of B-meson observables, the array SMPARA_H for the SM param-
eters has been extended to include information on the CKM matrix, parameterized via A,
A, p, and 7, as seen in Table Bl The CKM matrix is constructed as [22]

_'6
C12 C13 S12 C13 Size”"
_ ) )
V= —S19 Cg3 — C12 S23 S13 €' C12 Co3 — S12 S23 S13 €' $23 C13 ) (9)
is is
512 523 — C12 C23 S13 € —C12 S23 — 512 €23 513 € C23 C13

where s;; = sin 0;;, ¢;; = cost;;, and ¢ is the KM phase with s;;,¢;; > 0. In terms of A, A,
p, and 7, they are given by
: AN (p+i7m)V1 — A2)\2
s2=A, sy =AN, sizel = UARL) (10)

VI=X2[1 — A2\ (p+in)]’

and ¢;; = /1 — |s;;|2. The SUSY parameter array SSPARA_H is also extended to include the
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In the super-CKM basis, the 3 x 3 squark mass matrices squared are taken to be diagonal:

1\7[22 = m%g x diag (p%, 05, 1),
M; = m%s x diag (p%,p%, 1),
M} = m%g x diag (p%, p5, 1),
M% = m%g x diag (p%,p%,l),
M% = m%g x diag (p%, p%, 1). (11)

Finally, the results for the B-meson observables are stored in RAUX_H(130-136) as
shown in Table [ The SUSY contributions to the AB = 2 transition amplitudes are
stored in CAUX_H(150) and CAUX_H(151), see Table [l Note the relations RAUX H(132) =
2 X |CAUX_H(150)| and RAUX H(133) = 2 x |CAUX_H(151)|. Two flags IFLAG H(16) and
IFLAG_H(17) are used to print out the results of the calculation of B-meson observables:

e IFLAG_H(16)= 1: Print out B-meson observables.

e TFLAG H(17)= 1: Print out details of the B — X calculation.

For numerical examples of B-meson observables, we take the CPX scenario [8] with
Msusy = 0.5 TeV and the common A-term phase @4 = &4, = P4, = $4_ in the convention
P, = 0°. We take account of the dependence on the hierarchy factors ps i 5 between the
first two and the third generations, taking a common value p for the three of them.

Figure [ shows the dependence of the branching ratio B(Bs — putpu~) on the phase
of the gluino mass parameter ®3 for four values of tan 3. The charged Higgs-boson pole
mass is fixed at Mg+ = 200 GeV. In each frame, two sets of three lines are shown. The
upper lines are for higher p = 10 and the lower ones for p = 1. For fixed p, three lines show
the cases of ®4 = 0° (solid), 90° (dashed), and 180° (dash-dotted). The p dependence is
shown in Fig.[6l We clearly see the GIM operative point mechanism discussed in Ref. [23]
around p ~ 1.2 when (®3,P4) = (0°,180°) (solid lines). Figure [1 shows the rescaled
branching ratio B, = B(B, — p*p~) x 107 in the Mpy,-tan # plane when the phases are
fixed at 4, = ®3 = 90°. The unshaded region is not theoretically allowed. Only the
region with BM < 0.58 is consistent with the current experimental upper limit at 95 %
C.L., corresponding to tan 5 < 20 (8) for p = 1(10).

The rescaled branching ratio Esﬁ, = B(B — X,v) x 10* is shown in Fig. B In
contrast to the By — ppu~ case, we observe that higher tan ( region is experimentally
allowed: tanf Z 35(20) for p = 1(10). This is because the charged-Higgs contribution
is suppressed due to the threshold corrections when tan 3 is large. The charged-Higgs
contribution to B — X, is proportional to 1/(1 + |x|* tan? 3) [26], where k represents the
threshold corrections with |k| ~ 0.05 for the parameters chosen [27].
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Figure [ shows the ratio of the branching ratio B(B, — 7v) to its SM value, Rp,,.
In the left frame with p = 1, we see two connected bands of the experimentally allowed
1-0 region, 0.62 < Rp,, < 1.38. If we consider the 2-¢ limit, only the upper-left region
with My, < 95 GeV and tan 3 2 35 is not allowed. For larger p = 10, the allowed region
becomes narrower.

In Fig. [0, we show the region satisfying the experimental constraints from B(B; —
ptp™) (95 %), B(B — Xsv) (2 0), and Rp,, (1 o). First we observe that there is no
region that satisfies the By — pu™p~ and B — X,y constraints simultaneously for both
p = 1 and 10. If one neglects the constraint from B(Bs — p*p~), only the high-tan 3
region would remain. Taking account of B, — 7v constraint, the region with tan /3 2 36
and My, 2 80 GeV is allowed when p = 1. On the other hand, neglecting the constraint
from B(B — X,7v), the allowed region is constrained in the parameter space with tan 5 < 20
and My, 2 10 GeV for p = 1. For p = 10, the B — X, constraint is relaxed but those

from B(Bs — p*p~) and Rp,, become more stringent.

Finally, in Fig. [[1l we show the region allowed experimentally by the measurement
B(By — 7777) < 4.1 x 1072 (90 %) [29] (upper frames) and the regions where the SUSY
contribution is smaller than the measured values of B%-BY mass difference [30] (middle
frames) and B9-BY mass difference [22] (lower frames). We see that the B(By — 7777)
constraint has the least impact on these parameter planes, whereas the impacts of the
BY-BY and BY-BY mass differences are similar.

These examples illustrate the possible interplays between the different B-meson ob-
servables, and how they may vary significantly with the values of the CP-violating phases.
CPsuperH2.0 provides a unique tool for combining these constraints and pursuing their
implications for other oberservables. In the future, the CPsuperH2.0 treatment of these
important B-meson observables will be supplemented by the implementation of calculations
of other flavour observables, including the K sector.

5 Summary and Outlook

We have presented in this paper a description of the new features of the Fortran code
CPsuperH2.0. In addition to improved calculations of the Higgs-boson poles masses with
more complete treatment of threshold effects in self-energies and Yukawa couplings, the
complete 4x4 (2x2) neutral (charged) Higgs-boson propagator matrices with the Goldstone-
Higgs mixing effects have been consistently implemented. Specifically, the neutral Higgs-
boson propagator matrix constitutes a necessary ingredient for the studies of a system
of strongly-mixed Higgs bosons at colliders together with the center-of-mass dependent
Higgs-boson couplings to gluons and photons. It also provides the improved Higgs-boson
couplings to tau leptons, b quarks, and two photons. The important three-body decay
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H* — t*b — WThb is included.

In order to provide a more complete, consistent tool for calculating CP-violating
observables in the MSSM, and specifically to incorporate the important constraints coming
from precision experiments at low energies, CPsuperH2.0 has been extended to include
a number of B-meson observables, as well as the Higgs-mediated two-loop contributions
to EDMs of the Thallium atom, electron and muon. The currently available B-meson
observables are the branching ratios of By — u*pu~, By — 777, B, — v, B — X,y and
the latter’s CP-violating asymmetry Acp, and the supersymmetric contributions to the
Bgd — Bgd mass differences. Further low-energy observables are to be included in future
updates.

The improved Fortran code CPsuperH2.0 provides a coherent and complete numerical
framework in which one can calculate consistently observables in both low- and high-energy
experiments probing physics beyond the SM.
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A List of changes

Here we summarize the improved features introduced in CPsuperH2.0 compared to the
prior version of CPsuperH.

e New common blocks:

— COMMON /HC_RAUX/ RAUX_H(NAUX=999), see Table [I]
— COMMON /HC_CAUX/ CAUX_H(NAUX=999), see Table [l

e Extended arrays for input parameters:

— SMPARA H(NSMIN=19), see Table
— SMPARA H(NSSIN=26), see Table [l

e New names for improved FORTRAN files:

— cpsuperh.f —— cpsuperh2.f
— fillpara.f —— fillpara2.f
— fillhiggs.f — fillhiggs2.f
— fillcoupl.f —— fillcoupl2.f
— fillgambr.f — fillgambr2.f

e New FORTRAN files:
— filldhpg.f is to calculate the full propagator matrices DH*#*(3) and the -
dependent couplings S?7(v/3) and P77 (v/5).

— higgsedm.f is to calculate Higgs-mediated two-loop EDMs of Thallium, elec-
tron, and muon.

— fillbobs.f is to calculate the B-meson observables: B(Bs — uu), B(Bg — 77),
AMBYSY AMBESY | Rp,,, B(B — X,7), and Acp(B — X,7).
e New flags:
— IFLAG.H(12) = 0 — 5: For the level of improvement in the calculation of the
Higgs-boson pole masses.

— IFLAG.H(13) = 1: Not to include the off-diagonal absorptive parts in the propa-
gator matrices DH*-H*(3),

— IFLAG.H(14) = 1: Print out the the elements of the full propagator matrices
D H=(3) and the $-dependent couplings S¢7(v/3) and P77 (V/3).
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— IFLAG_H(15) = 1: Print out EDMs.
— IFLAG_H(16) = 1: Print out B-meson observables.
— IFLAG_H(17) = 1: Print out B — X~ details.

— IFLAG.H(57) = 1: This is an error message that appears when one of the mag-
nitudes of the complex SUSY input parameters is negative.

— IFLAGH(60) = 1: This is an error message that appears when the iterative
method for the neutral Higgs-boson pole masses fails.

B Goldstone-boson couplings to third-generation fermions

and sfermions

Here we present the Goldstone-(s)fermion-(s)fermion couplings in the CPsuperH convention.

o GO-f-f
gmyr o P
Loojr=— 2 G f(i960757) (B.1)
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The couplings in the weak-interaction basis are given by

reoei 1 < 0 ihi(sgA; — cap) )
V2 \ —ihi(spAr — cgu*) 0 ’
e 1 < 0 —ihy(cgAy — spp) )
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The couplings in the weak-interaction basis are given by

peres _  vaUhal?sh = haP*e) v + g5 geas v —hi(cadi — spn)
hu (spAu — cap”) 0 ’
K 5 1 1
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C Sample new outputs

Here we show the new outputs of CPsuperH2.0 for the CPX scenario with tan3 = b5,
MH:E = 300 GeV, MSUSY = 500 GeV, and (I)A = (1)3 = 90°.

e IFLAGH(1) = 1: In the new version, we are using m,(mP”°) = 3.155 GeV and
me(mb®®) = 0.735 GeV as defaults. Note also that the list of the SM and SUSY
input parameters is extended to include the CKM matrix and the diagonal sfermion
mass matrices.

Standard Model Parameters in /HC_SMPARA/

AEM H = 0.7812E-02 : alpha_em(MZ)

ASMZH = 0.1185E+00 : alpha s(MZ)

MZ_H = 0.9119E+02 : Z boson mass in GeV
SW_H = 0.4808E+00 : sinTheta W

ME_H = 0.5000E-03 : electron mass in GeV
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MMU_H = 0.1065E+00 : muon mass in GeV

MTAUH = 0.1777E+01 : tau mass in GeV

MDMT_H = 0.4000E-02 : d-quark mass at M_t"pole in GeV
MSMT_.H = 0.9000E-01 : s—-quark mass at M_t"pole in GeV
MBMT_H = 0.3155E+01 : b-quark mass at M_t"pole in GeV
MUMT_H = 0.2000E-02 : u-quark mass at M_t"pole in GeV
MCMT_H = 0.7350E+00 : c-quark mass at M_t"pole in GeV
MTPOLE_H = 0.1743E+03 : t-quark pole mass in GeV

GAMW.H = 0.2118E+01 : Gam.W in GeV

GAMZ_.H = 0.2495E+01 : Gam_Z in GeV

EEM_H = 0.3133E+00 : e = (4*pi*alpha_em)”1/2

ASMT H = 0.1084E+00 : alpha_s(M_t"pole)

CW_H = 0.8768E+00 : cosTheta W

TW_H = 0.5483E+00 : tanTheta W

